Actively fostering a relaxed but industrious and enquiring ethos in the lab, Murdoch ran the department jointly with Aubrey Manning. The Mitchison group's work at Edinburgh attracted students including Paul Nurse (later Sir Paul Nurse; FRS 1989, PRS 2010-2015, Béla Novak, Kim Nasmyth (FRS 1989) and Peter Fantes as well as many visiting academics. Murdoch's work on S. pombe came to both national and international recognition, forming a foundation for the current thriving community of researchers in cell physiology, cell genetics and molecular biology.
Early years, family background and education
Murdoch Mitchison was born in Oxford on 11 June 1922, the second of five surviving children of Gilbert Richard (Dick) Mitchison and Naomi Margaret (Nou) Mitchison (née Haldane). Dick married the sister of his best friend at Eton, J. B. S. (Jack) Haldane (FRS 1932) , in February 1916 when she was only 18 and he was a serving officer in the forces. He and Nou had three sons in quick succession, the oldest of whom died of meningitis in 1927. Nou's parents, John Scott Haldane FRS, an Oxford professor and distinguished respiratory physiologist, and L. K. (Maya) Haldane (née Trotter), supported the young couple by having the boys live with them during term time. This enabled Nou to establish herself as an author and Dick to develop a practice in commercial law. They lived at Rivercourt, on the Mall in Hammersmith, where they entertained a wide circle of artists, writers and, later, socialists and Labour Party activists. Jack Haldane visited frequently, discussed genetics with the childrenand anyone else available-and could be coaxed to perform his party trick of breathing fire (figure 1). Murdoch and Jack were in many ways cut from the same cloth: both thought for themselves, followed their own path in life and navigated personal relationships through sympathy rather than empathy.
It was Dick's inherited wealth that funded the house on the Mall, servants, and private education for the children, as well as family holidays abroad, at Portmeirion and in large house parties in Scotland. Dick's finances were hit by the financial crash of 1927, but he and Nou continued to live well and, increasingly, channelled their wealth into left-wing causes.
In 1937 Dick and Nou bought a Scottish country house at Carradale in Argyllshire. The plan was that this house-large and beautifully-situated, but expensive to heat-would be the family's summer residence. Dick wanted to fish and shoot with his sons and friends and there was a regular boat service to Glasgow, linking with trains to London. But then came the war: the boat service was axed, travel everywhere was restricted and the London residents who could, moved out to avoid the Blitz. Nou settled to live year-round at Carradale. In addition to hosting evacuees from Glasgow and running the home farm while continuing to write, she encouraged young people she met to visit. House parties included some who went on to become long-term family friends, such as Robin Gandy and Victor Guggenheim. The drawing room atmosphere, sometimes intensely combative, is well-caught by Jim Watson (ForMemRS 1981) in The double helix (Watson 1968 )-Jim is remembered by the family for his spirited contributions to scientific discussion, reluctance to wash up and predilection for hogging the fire by lying full length in front of it.
Although Murdoch used Rivercourt as a base during the war years, his affection grew for Carradale with its scope for walking, gardening and sociability. He had loved the freedom of family holidays in Scottish country houses, often with grand rooms and vistas, but rather primitive plumbing. On one such holiday, Murdoch-who liked to keep small mammals in his pockets-misplaced three hedgehogs, which scuttled under the wainscoting and were never found again.
From the age of nine Murdoch went to the Dragon School in Oxford where his two older brothers preceded him. He was a day pupil and, with his surviving older brother, D. A. (Denny) Mitchison, returned to the family's London house during school holidays. It was probably during school holidays that Murdoch's gardening enthusiasm began; Nou was an excellent field botanist and a skilled gardener. In Oxford their grandfather allowed the boys to conduct experiments with the portable gas analysis machine he had designed and other equipment in the laboratory funded by the War Office that had been built onto Cherwell, his large, north Oxford home. Supervision there was minimal, as it was in the small laboratory Murdoch's parents provided for their boys in the basement of Rivercourt. Murdoch remembered making fireworks and letting them off in the grounds of Cherwell (now Wolfson College). At the age of 12, he wrote in his holiday diary: in the laboratory . . . I melted some lead and poured it into a cardboard box to set but I forgot there was a little sulphur in it so the result was an awful smell of sulphur dioxide. Then I put some Nitre in a crucible and melted it and put some red-hot charcoal in. As heated Nitre produces oxygen, the red-hot charcoal bobbles danced about in the crucible and even at intervals jumped out.
This entry is accompanied by a drawing (figure 2). Murdoch was a bright, curious boy. He and Denny built a crystal radio receiver, using parts they bought in local shops. Having been told that only if he got a scholarship would he be allowed to go to public school-just the sort of challenge Murdoch would have enjoyed-he won one to Winchester and was admitted as a scholar in 1935. There he was taught chemistry by Eric James and chess by C. H. Alexander, a Grandmaster, to improve his mathematics. Being a scholar at Winchester was an extraordinarily privileged and protected experience which he greatly enjoyed, apart from cricket. His fellow scholars included Freeman Dyson (FRS 1952) , whose intellect impressed Murdoch at the time. Murdoch learned to shoot, studied photography and collected several book prizes for essays on English literature. He also developed a long-term friendship with Michael M. Swann (FRS 1962) . As his sister later said, he had a Rolls Royce brain and was allowed to run it along some of the smoothest roads in the land.
From Winchester, Murdoch went up to Trinity College, Cambridge, in 1939 where he completed a shortened, war-time degree in two years. Nou encouraged him to study medicine, but he found anatomy dissection an unbearable assault on his senses. Although he enjoyed the other pre-medical sciences, he had the sense to realize that medicine was not for the fastidious.
Murdoch's brother, Denny, became professor of bacteriology at the Hammersmith Hospital (later at St George's Hospital) and, following his work on the landmark Madras trial of ambulant treatment for tuberculosis, a world expert on TB. His younger brother, Nicholas Avrion (Av), went into immunology and became professor of zoology at University College, London, and was later elected FRS (1967).
War service
In 1941 Murdoch was recruited into Operational Research, where he spent the next four-anda-half years first as a civilian and then, from mid 1944, as an army officer. He did research on anti-aircraft artillery and into assessing specially adapted tanks, referred to in the army as 'funnies'. Sent to Lowther Castle in Cumbria to assess one of these, the Canal Defence Light, which had been developed in great secrecy, he was shocked to find that the secrecy served to hide equipment that could be used neither for war nor sabotage, but was 'a racket run by two crooks who didn't want any interference from the outside world' (Mitchison, S. 2016 ).
In September 1944, when all hands were needed to bring the war to an end, Murdoch was dispatched to Italy. There he was tasked with assessing meteorological information and producing 'mud reports' predicting the state of the ground for tank movements, depending on rainfall alone! Later, after the war in Europe ended, he was sent in the drought of the Italian high summer to research the effect of mud on tank manoeuvres. Like much of the 'research' he was called upon to carry out, this struck him as ill-informed and pointless. After returning to the UK in the autumn of 1945 he was seconded to another poorly-conceived research project, this time into the speed with which the Allied armies had moved in the field. This took him to Germany in early 1946, an experience he found distressing and disturbing.
He was discharged in April 1946 with the rank of major, entering civilian life with an appreciation of how good research should be conducted alongside a low opinion of the army's capacity to do so, a horror of the effect of war on civilians and an abiding affection for Italians and their way of life. He returned to Cambridge to finish his degree, completing Part II of the Natural Science Tripos in 1947.
Family life
In 1947 Murdoch married Rosalind Mary (Rowy) Wrong. Rowy was a historian who, after moving to Edinburgh, developed an interest in and published extensively on Scottish sixteenth-and seventeenth-century economic and social history. She is perhaps best known for her definitive and incisive History of Scotland. In 1976 she was appointed professor of economic history at the University of Edinburgh and later held an emeritus chair there. Rowy died in 2002 at the age of 83. She and Murdoch had four children, Sally, Neil, Harriet and Amanda, none of whom became historians or cell biologists but found employment instead in psychiatry, risk analysis, gastroenterology and journalism.
Although unable to engage in small talk, Murdoch was a sociable, hospitable man. He liked to eat well-Rowy was an excellent and innovative cook-drink well, garden and corral friends on long weekend walks in the Scottish hills. Much time and effort went into planning these walks and the holidays he and Rowy took in warmer, sunnier parts of the world. His extended family came to stay frequently, competing for the spare bedroom with visiting academics, external examiners and overseas colleagues.
During the school holidays the entire family would gather at Carradale, and take advantage of the good opportunities for hill walking, and Murdoch was able to talk science at length with his brothers Denny and Av-his sisters did not go in for science: Val became a journalist and Lois a historian. Nou and Dick entertained writers, activists, artists and politicians who leavened the dinnertime conversation which would otherwise have been completely dominated by scientific talk between the three brothers and their visiting scientific friends.
A practical man who particularly enjoyed working with his hands, Murdoch devised a number of quirky but expedient home improvements: a row of nails protruding from the banister to prevent his most active child from sliding down it, a garden climbing frame constructed from gas piping to divert his children from climbing up the outside of the stairs and, later, a five-foot high barrier to restrict his grandsons' tendency to roam freely and destructively before other members of the household had woken up-though they quickly learned to fetch a chair and clamber over.
In (FRS 1960) . They were focusing on the molecular basis of fundamental biological phenomena such as the structure and function of proteins and the molecular nature of inheritance. Murdoch's interests were in the behaviour of cells rather than molecules, which was a tough choice as the cell biology tools available then were limited. Microscopy was the most powerful investigative method available. Murdoch gained experience in advanced microscopy techniques from his PhD supervisor, Dr Picken, and from Michael (Mike) Swann. His PhD work was a study of erythrocyte membranes using a polarizing microscope (1, 2)*.
Around 1950 Mike introduced Murdoch to marine stations, where they studied sea urchin eggs and their early development after fertilization. They looked at changes in the membrane during mitosis and cleavage (4-8, 11) and developed a model for the mechanism of cleavage (3, 13). In addition to microscope work, they used a device officially called the 'cell elastimeter' (9), but which they referred to as the 'sucker' (figure 3). It applied suction to a small area on the surface of the cell membrane of sea urchin eggs and early embryos and measured tension-which varies during cell division-against displacement (9, 13). Murdoch made part of the device himself in the Cambridge lab workshop; his interest in gadgets and in making apparatus continued throughout his life, and he oversaw the development of an excellent workshop facility in his department. (Martynoga 2018 ). Murdoch's early research investigations in Edinburgh, into physical changes in the membranes of sea urchin embryos, were mainly carried out with Mike. Their joint studies on sea urchin embryos continued for several years, but by about 1955 they could envisage no further experiments that would be informative.
The lure of fission yeast
Murdoch turned to the question of how cells grow (in the strict sense of increase in mass/volume/macromolecular content) between divisions. His expertise in sophisticated microscopy was a boon here, particularly interference microscopy which he had used to investigate sea urchin embryos (5). These embryos were not useful for studying growth, because their total mass does not change significantly during early divisions.
Murdoch started working with several microorganisms he had identified as easy to grow in the laboratory. Among these was the fission yeast Schizosaccharomyces pombe, which he came across in a book on yeast systematics. Several features of the S. pombe cell made it ideal for his purposes (12). That it grows in length alone made good volume estimates feasible. Additionally, cell age and length are connected, so the age of a cell could be estimated from its length. At the end of the cycle, a septum is laid down across the middle of the cell, identifying cells that are about to divide (figure 4). Its medial septum and symmetrical division made S. pombe a good cell cycle model for higher cells, in contrast to the far better known budding yeast Saccharomyces cerevisiae.
Murdoch and others had developed interference microscopy methods to determine the dry mass of single living cells (10) . He successfully applied the technique to S. pombe (12, 16), determining the dry mass and the volume of individual cells as they grew and progressed from one division to the next. Cell length (and hence volume) grew at an increasing rate for the first three-quarters of the cycle, followed by a period of no increase leading up to division (figure 5). By using the scars left on the cell wall at birth as markers, Murdoch showed that new cell wall was deposited at the cell tips rather than the middle of the cell (12), an observation he was to return to several decades later (30) . The 'constant volume' stage was not fully understood, but assembly of the septum during this interval suggested that the cell's wallbuilding activity might be redirected from growth at the cell tips to septum formation. Unlike volume, dry mass increased continuously throughout the cell cycle. A consequence of the difference in the way mass and volume increased is that the concentration of cellular material varies significantly during the cycle, increasing from 33% to 37% during the constant volume stage. A change in concentration would be expected to alter overall cell density. Kubitschek produced evidence that S. pombe cell density did not change during the cell cycle (Kubitschek & Ward 1985) , though Murdoch later questioned his indirect approach (41), and to this day the question remains unresolved. A detailed statistical analysis (12) showed that mass growth best fitted a linear model, with the rate of growth increasing just before cleavage. This was unexpected. It had generally been thought that cell contents would increase exponentially, on the grounds that the generation of cytoplasm would be autocatalytic so the rate of increase would be proportional to the amount present. Murdoch was intrigued by this linear pattern and much of his subsequent research was directed towards questions about patterns of increase of a range of cellular components during the cell cycle.
Patterns of increase during the cell cycle
Murdoch suggested that a linear pattern of increase during the cell cycle might be due to a single component limiting growth. In the case of dry mass increase, he considered the nucleus a possible limiting component (although at the time no nucleus had been visualized in S. pombe cells). However, dry mass increase would then be expected to pause around the time of nuclear division, which was not observed. Murdoch realized that individual cellular components-proteins, carbohydrates, RNA and other materials-might show different patterns of increase during the cell cycle, with the overall mass increase appearing linear by chance. To measure the macromolecular content of individual cells would be technically very difficult and could only be done on fixed (dead) cells in any case, precluding the same experimental approach as for total dry mass. Murdoch took a different tack. Rather than attempting to measure the accumulated amounts of macromolecular components in individual cells, he decided to estimate the rates at which they accumulated. This was done by pulse-labelling cells with small molecule precursors and analysing their incorporation into macromolecular components by cell autoradiography (14, 15, 21 ) (see electronic supplementary material, glossary). The results were clear: longer (older) cells showed a greater incorporation rate than shorter (younger) cells. In other words, the rates of protein and carbohydrate precursor incorporation increased during the cell cycle, in contrast to cell mass, which accumulated at a constant rate (15) . Incorporation of precursors into RNA also increased during the cell cycle (14) . In all these experiments, the statistical scatter of grain counts and other factors meant that it was not possible to be confident about the exact pattern of increase in rate, which could have been exponential, linear or neither.
Synchronous cultures
While much information had been gained from single cell studies, Murdoch wanted to extend his investigations of the patterns of increase of cellular components not measurable in single cells. In order to do this, a culture would be needed containing many cells all at the same cell cycle stage. Other experimenters (James 1966; Villadsen & Zeuthen 1970 ) had used 'induction synchrony', where a growing culture is exposed to a treatment that blocks cells from passing through one particular cell cycle stage. Once all cells are arrested at the block, the treatment is withdrawn. All cells then resume passage through the cycle at the same time, and the synchronous cells can be analysed. The problem is that the cycle tends to be distorted by applying the block. The subsequent progress of synchronized cells differs from a normal cycle and some post-release cycles are shorter than normal, as Murdoch showed (22, 25) .
With a colleague, W. S. Vincent, Murdoch developed a way of generating synchronous cultures that avoided the artefacts of induction synchrony. Small cells were selected from a growing population using centrifugation through a sucrose density gradient (17) . These cells were then inoculated into fresh medium and allowed to grow on synchronously. Up to three synchronous divisions could be obtained, allowing the cells to be studied for more than a single cycle. Density gradient centrifugation remained the standard method for preparing synchronous S. pombe cultures for some 14 years.
DNA replication during the cell cycle
One of the first uses of selection-synchronized cultures was to determine the pattern of DNA replication in the division cycle. In the 1950s, Howard & Pelc had shown that DNA synthesis in eukaryotic cells is restricted to a specific part of the division cycle (Howard & Pelc 1953) . Most studies of replication patterns used radiolabelled thymidine, a specific DNA precursor. This approach was not feasible with S. pombe, which, like other fungi, lacks thymidine kinase and cannot specifically incorporate thymidine into DNA. Murdoch and others therefore directly assayed the DNA accumulated during the growth of a S. pombe synchronous culture. They showed that DNA synthesis was restricted to a short interval in the division cycle very soon after nuclear division, indicating that G1 (see electronic supplementary material, glossary) was short (18) .
Two inhibitors of DNA synthesis in S. pombe were identified-deoxyadenosine (AdR) and hydroxyurea (22) . Adding AdR blocked DNA replication. When the AdR was removed after 3 hours (one cycle time), DNA synthesis resumed synchronously, followed after a shorter interval than normal by a synchronous burst of cell division. During the block, cells grew abnormally long, indicative of 'unbalanced growth'.
Division and growth cycles
The induction synchrony experiments led to the idea that the cell cycle could be considered as two distinct cycles-the 'DNA-division cycle' and the 'growth cycle'-which are normally 
Step enzymes
The strategy for investigating the growth cycle was first to identify 'growth' events that showed periodicity during a normal cell cycle and, second, to block the division cycle or distort it in some way and observe whether growth events continued to be periodic. An ideal event to follow would be the doubling of a component over a short proportion of the cell cycle, similar to what had been observed for DNA. Given the technology at the time, the most promising process to investigate would be an enzyme whose activity doubled in a stepwise manner (figure 6). Assuming that enzyme activity reflected the amount of enzyme protein, such a doubling would likely be due to a burst of expression of the encoding gene at a specific time in the cell cycle. Many such step enzymes had been reported in budding yeast (Halvorson et al. 1971 ) as well as 'peak' enzymes whose activity showed a maximum at a particular cycle stage (19, 23). Some S. pombe enzymes had also been reported to show step patterns (18, 19) .
Murdoch became increasingly aware that exposure of cells to the synchronizing procedures, rather than synchronization per se, was in some cases responsible for generating the stepwise increases in activity. It was clear that induction synchrony distorted the normal cycle, but gradient-separated selection-synchronized cultures were widely believed to be free from such problems. Murdoch showed that in many cases this was not true, and that the synchronizing procedure (which included concentrating cells and exposing them to high levels of sugars) perturbed the patterns of increase of some cellular components (19, 23). A better method, which did not subject the cells to even these modest stresses, became possible with the availability of an elutriation rotor (see electronic supplementary material, glossary). The stepwise increases reported for several enzymes in yeasts were not seen in elutriator-separated synchronous cultures (28) .
Ironically, after many enzyme step patterns had been shown to be artefactual, a genuine S. pombe step enzyme was identified by Dick Dickinson, a post-doc in Murdoch's group (Dickinson 1983 ). This enzyme, nucleoside diphosphokinase (NDPK), is required for the biosynthesis of precursors of RNA and DNA. The work was extended by Jim Creanor and Murdoch, who confirmed the finding and went on to show that periodic stepwise increases in activity continued after blocking the division cycle (31) . Induction synchronization led to steps in NDPK activity which were, however, out of phase with the division cycle (35). Also, in a wee1 mutant with delayed DNA replication, the timing of NDPK steps was unchanged. Taken together, these experiments showed that the steps in NDPK activity were not directly dependent on the DNA-division cycle. The origin of the steps was ascribed to the action of an unknown oscillator, which was normally entrained (see electronic supplementary material, glossary) to the division cycle control but could free-run when the division cycle was blocked.
Rate change patterns and induction potential
Murdoch found few examples of periodic step changes in the level of individual components of S. pombe cells. Surprisingly, the actual pattern of increase was in many cases found not to be exponential. Instead, the patterns for several enzymes were similar to that of total dry mass (12): a linear increase, with a doubling in rate at a particular cell cycle stage. In a classic paper, Murdoch showed that sucrase, acid phosphatase and alkaline phosphatase had such linear patterns (20), with rates doubling at about 0.2 in the cycle. Because the difference between a linear pattern with rate doubling and an exponential increase is only a few per cent (19), this was a technical tour de force, requiring very accurate measurements, repeat cultures and a dedicated statistical method (20, 28). Alcohol dehydrogenase (ADH) was also shown to increase in a linear manner, with a rate doubling near the start of the cell cycle (39) .
Murdoch showed that expression of several S. pombe enzymes is induced in response to a change in growth conditions (20, 26). The rate of increase of activity following such a change was defined as the induction potential for the enzyme, or more simply the enzyme potential. In the case of sucrase, reducing the glucose concentration in the medium resulted in a several-fold increase over an hour. Using synchronous cultures, sucrase was shown to be inducible throughout the cell cycle, doubling in potential at about 0.2 in the cycle, about the same time as the rate doubling in uninduced cultures. Both changes were ascribed to functional duplication of the sucrase gene (20), albeit delayed by 0.2 of the cycle (19) relative to the time of DNA replication. However, a more detailed study carried out many years later (26) confirmed the timing of sucrase potential, but showed that blocking DNA replication did not prevent the stepwise increase, ruling out the gene-dosage hypothesis as an explanation. Similar observations were made for two other inducible enzymes, maltase and arginase (24, 26).
Metabolic activity
Murdoch's group also investigated other aspects of metabolism. Carbon dioxide production and oxygen utilization, key aspects of metabolism, were investigated first by Jim Creanor, under Murdoch's guidance, and later by Béla Novak and Murdoch (33, 34, 37, 38, 40). Béla carried out detailed investigations into CO 2 production and O 2 uptake as well as cell size, introducing new mathematical approaches to analysing results (33, 37, 38). For CO 2 production, the basic pattern observed was of a constant rate, with a rate doubling at or near the end of the cycle (Creanor 1978a, 33) . The rate increases persisted when cell cycle progress was blocked, and in some studies the interval between the increases was reduced by about 15%, suggesting they were controlled by an oscillatory system independent of the division cycle. The picture with O 2 uptake was more complex, with Jim (Creanor 1978b) observing two steps in O 2 uptake per cycle, the two steps together making a doubling. In contrast, Murdoch and Béla (37) found a single step which continued after cell cycle blocks, again indicating an independent oscillator.
Protein synthesis
Murdoch had shown in pulse-labelling single cell studies that the rate of protein synthesis increased during the cell cycle, but the exact pattern could not be deduced (15) . In a carefully controlled study he and Jim Creanor showed that the pattern, as determined more accurately in synchronous cultures, showed periodicity but was neither a simple continuous increase such as an exponential pattern nor a linear increase with an abrupt rate doubling (27) . The situation was complicated by the inevitable imperfect synchrony of the synchronous cultures. Modelling to take this into account suggested a pattern for individual cells of increasing rate through the first 60% of the cycle, followed by a plateau period. At the end of the plateau, the rate increased sharply just after mitosis and during the septated stage before cell division. The pattern and the time of the acceleration point were not affected by the timing of DNA replication or by cell size. This is consistent with direct coupling to mitosis. In a follow-up study the same techniques were used to investigate protein synthesis in several cell cycle mutants (29). Blocking mitosis in a cdc2 mutant abolished the periodic pattern, while blocking G1 progress in a cdc10 mutant allowed a single fluctuation shortly after the residual mitosis. These observations indicate that the periodicity is somehow linked to mitosis. Strikingly, a cdc11 mutant in which mitosis continued while septum formation and cell division were blocked showed continued periodic fluctuations in the rate of protein synthesis. Each fluctuation corresponded to a round of mitosis, demonstrating that the periodic changes in rate were indeed connected to mitosis and therefore not part of an independent growth cycle.
Growth cycle oscillators?
Murdoch's investigations into the growth cycle that he first proposed in 1971 (22, 23) continued for more than two decades. What conclusions can now be drawn from his studies? First, most growth cycle processes do not follow a smooth exponential increase but rather a mixture of patterns, all of which show periodic changes: linear patterns with rate changes, stepwise increases and more complex patterns. Second, many of these patterns continue to show periodicity when the DNA-division cycle is blocked or perturbed, consistent with the operation of timing mechanisms or oscillators acting independently of the main cell cycle oscillator. The pattern of protein synthesis is an exception: its periodicity is closely coupled to mitosis.
It is hard to conclude more than this because the systems investigated each appear to have their own oscillators that act independently. Even processes that are metabolically relatedsuch as ADH activity and CO 2 production, both of which showed continued periodicity after a cell cycle block-demonstrated timings that differed substantially from one another (39) . Murdoch and Béla made several attempts to pin down the oscillatory system for CO 2 production, but no clear picture emerged (38, 40) . The overall conclusion from these studies is that oscillators appear to control the rates of several growth cycle processes. These oscillators have differing free-running periods, but are normally entrained by the DNA-division cycle oscillator to the cell division cycle itself. Further investigation would seem difficult, partly because of the challenge of following the free-running oscillators in arrested cells for more than about two cycles, when the cells start to die.
Recent studies on budding yeast have supported the idea that independent oscillators may operate alongside the main Cdk/cyclin cell cycle control. Matthias Heinemann's group has recently reported single cell studies showing that overall cell metabolic activity is controlled by autonomous oscillators that are coupled to the Cdk/cyclin control (Papagiannakis et al. 2018) . Fred Cross's group has shown that nucleolar release and sequestration of the Cdc14 phosphatase is a process with its own oscillatory driver. The oscillator is independent of but normally coupled to the Cdk/cyclin cell cycle control (Lu & Cross 2016) . One difference from Murdoch's idea of growth cycle oscillators is that the Cdc14 phosphatase is normally required as part of the Cdk/cyclin-driven DNA-division cycle.
Cell length extension
While most of Murdoch's investigations could in principle have been carried out on any cell type, his particular interest in S. pombe led him to study the process of 'tip growth', a phenomenon restricted to rather few cell types. As outlined earlier, S. pombe cells grow in length at an increasing rate for about three-quarters of the cycle, followed by a constant length phase during which the septum appears. Septum cleavage leads to cell division and the birth of two daughter cells. Murdoch noted that resumption of growth in the daughter cells was first at the 'old' end, generated by splitting of the mother cell septum (12). Other researchers (Streiblova & Wolf 1972; Johnson et al. 1982) showed that, after an interval, growth resumed at the 'new' end. The point at which this occurred was named 'NETO' (New End Take Off). The availability of cdc mutants and cell size mutants, combined with fluorescence microscopy, allowed Murdoch and Paul Nurse (later Sir Paul Nurse; FRS 1989, PRS 2010-2015) to carry out a detailed investigation into cell length extension (30) . A fluorescent cell wall stain, Calcofluor, was used to stain the entire cell wall apart from scars left from previous birth/division events. In many cases this allowed the new and old ends to be distinguished, and the extent of growth at each end since birth was determined. Using this procedure, they showed that wild-type cells grew only at the old end until about a third of the way through the cycle, at which point NETO occurred. Similar measurements were made on small cell (wee) mutants and large cell mutants. The conclusion was drawn that NETO required both attainment of a certain cell length and passage through an early cell cycle event. Cell cycle (cdc) mutants with a G1 or S phase (see electronic supplementary material, glossary) defect did not undergo NETO when arrested, while mutants with a late (G2 or M; see electronic supplementary material, glossary) defect carried out NETO, placing the critical cycle event as post-S phase.
Time-lapse microscopy of wild-type cells showed that the growth phase of the cycle (the first three-quarters) could usually be represented by two linear segments: a slow growth rate followed by an abrupt shift to a faster rate. The rate change point took place at the same cell length and cycle stage as NETO, suggesting that growth at the new end and the rate change coincided. However, the simplest explanation-that growth at the new end added to the overall growth and accounted for the rate change-was not supported experimentally (30) . In an elegant study (32) John May and Murdoch used an entirely different approach to investigate the length growth pattern of a cell cycle division (cdc) mutant. By treating growing cells with wall-binding lectins with or without fluorescent tags (see online image in electronic supplementary material, glossary), they confirmed that slow single-end growth switched to faster double-end growth at a certain cell size.
The Mitchison lab
Murdoch's focus on the cell cycle increased in the 1960s, particularly with the development of synchronous cultures (17) . Future colleagues Willie Donachie and Millicent Masters introduced ideas from the bacterial cell cycle (18) . At about this time, Murdoch started to build a research group, with PhD students, technicians and visitors all working on S. pombe (figure 7).
Murdoch was a generous lab head, showing a keen interest in the work done by his lab members and discussing this with them. He was rarely included as an author on papers by his PhD students or post-docs, and then only if he had personally contributed to the experimental work. This memoir focuses on Murdoch's personal research and underestimates the output of his lab as a whole, particularly in genetics.
Within the lab, Murdoch would brew up Italian-style espresso coffee in a Bialetti machine over a Bunsen burner for lab members and encouraged them to hang out with him in the corridor spaces of the department, talking about their work. As former postdoc Ron Fraser explained, it 'was a great environment . . . the wide central corridor was cluttered with communally used heavy equipment such as centrifuges and radioactivity counters, as well as informal coffee and lunch tables . . . a great area for intermingling and discussions' (Mitchison, S. 2016) (figure 8). Tom Henny and Murdoch designed these as social space-later the clutter was removed under 'health and safety'.
Paul Nurse, one of Murdoch's post-docs, described his discussions with Murdoch: 'Once or twice a week he would ask me into his office to talk. These discussions were never short, they usually would last several hours, interspersed by the occasional coffee and by Murdoch's constant puffs on his pipe ( Central to Murdoch's studies for several decades was his highly skilled associate, James (Jim) Creanor. Jim was appointed to Murdoch's laboratory in 1964. Over the subsequent decades his technical and scientific abilities developed greatly: while initially his contribution to papers was acknowledged for technical assistance, he was soon included as a co-author (20). In time he became Murdoch's right-hand man, responsible for the majority of their experiments and was first author on many joint publications, sole author on others. Part of his work was submitted as a thesis and he was awarded a PhD in 1976. Among his important contributions was the fine-tuning of procedures for generating synchronous cultures, first by gradient density centrifugation and later by elutriation (see below) and their use in cell cycle analysis (20, 22, 24) . He also contributed to the general well-being of the lab, and gave advice and assistance to students, research staff and visitors.
The research interests of Murdoch's lab remained largely in cell physiology for several years. In the early days few experimental tools were available for manipulating cell cycle progress: deoxyadenosine was shown to block DNA replication, and mitomycin to block mitosis. The effects of other treatments, such as heat shock and inhibition of protein synthesis, were investigated by PhD student Mark Polanshek. While these tools were helpful, their specificity of action was not always clear; furthermore, it was hard to be sure that they had 
Supporting research and running the department
Murdoch paid close attention to the members of his lab and to other research within the zoology department. He liked to keep up with developments through regular discussion of each member's work. He felt strongly that time spent talking to colleagues about developments in the field was crucial in developing new ideas. The discursive culture he was used to in Cambridge has been described by Francis Crick in What mad pursuit (Crick 1967 , especially pp. 65, 75 and 94). Informal lunchtime discussions were open to scientists from other departments, some of whom visited regularly to exchange research ideas.
As Mike Swann became more involved in academic politics and administration, Murdoch took over his departmental role which he opted to share with Peter Walker, a former engineering toolmaker with manual skills Murdoch admired and coveted. Murdoch and Peter talked and walked together for many years. After Peter's retirement, Murdoch's good friend, Aubrey Manning, was appointed joint head of the department. He and Murdoch divided up the running of the department: Murdoch saw to the administration, applied for grants and, supported by dedicated technical staff, kept track of grant monies. He was neat, systematic and well-organized. As he explained to Sergio Moreno, a former post-doc of Paul Nurse, he took the same approach to his experimental work, which was recorded carefully and neatly by Jim (see supplementary online images). Photo taken on the occasion of the Zoology Department's jubilee, 1979. Photographer unknown.
Aubrey was responsible for organizing teaching at all levels and also handled the tricky, personal and interpersonal issues that predictably arose with academics and researchers. Both were intent on stimulating scientific enquiry, especially with and among PhD and post-doctoral students. Murdoch ensured that the departmental budget stretched to an annual visit to The Burn. Final-year honours students were invited to this Scottish country house near Edzell for a week of blustery winter walks, food that, in the Scottish tradition, was sustaining rather than tasty and long scientific and career discussions in the evenings.
Under Murdoch and Aubrey's benign leadership, the department flourished (figure 10). It was relaxed, friendly and productive. Staff and academics were allowed to work without undue oversight. The culture was sociable, with annual Burns Night parties and other celebrations facilitated by departmentally-brewed beer and wine.
Murdoch's scientific legacy
Murdoch had a huge effect on cell cycle research world-wide. His first achievement was to persuade cell biologists and others that the cell cycle was worth investigating, and his book helped stimulate interest. The importance of his choice of fission yeast as experimental organism cannot be overestimated. Starting from a handful of researchers in the 1950s, there is now a thriving world-wide community of S. pombe researchers (Fantes & Hoffman 2016 ). Murdoch remained at heart a cell biologist with interests that ran in parallel with the genetical and molecular investigations into the cell cycle that became popular from the mid 1970s. His biggest idea was the 'growth cycle', which he proposed acts independently of the DNA-division cycle to promote periodic events in the cell. It proved difficult to investigate growth cycle events, but Murdoch clearly showed that some periodic events continue when the DNA-division cycle is blocked and he provided evidence that independent oscillators might be involved.
Later years
In 1974 Murdoch and Rowy moved out of Edinburgh to Ormiston in East Lothian. A group including colleagues jointly purchased land on the site of the ruined Ormiston Hall. Some converted the old steadings while Murdoch and Rowy commissioned a new-build house nearby. Murdoch was enormously excited by the Ormiston project: it was on the right side of Edinburgh for the lab at Kings Buildings; on land high enough to be out of reach of the sea fret that the Scots call 'haar'; with scope to design a house more integrated with the garden than their home in West Edinburgh, which had been built to keep the elements, including the garden, firmly outside; and, with Ulrich Loening and Aubrey Manning in the group, there would be good scientific discussions as well.
Murdoch had new saplings in place in the garden before construction even began on the house. He spent the next 20 years building up the garden: nurturing favourite shrubs and creepers, adjusting the soil pH for the azaleas and rhododendrons he loved and planting a mass of daffodils and narcissi on a mound created in the line of view from his sitting room and office. These provided the boost of early colour with which he tried to dispel his regular seasonal depression.
Murdoch knew a lot about plants. For many years he chaired the university's Works and Buildings Committee. He persuaded the university to create a new position of superintendent of grounds and then worked closely with Geoff Brooks, the first superintendent. They designed the flowering shrubberies around Ashworth Laboratory at Kings Buildings, which look good to this day, and a mound planted with maturing pine trees between the zoology and engineering departments.
On fine evenings, guests at his and Rowy's frequent parties would spill out into the garden. Murdoch's design included a pond extending into the house with stepping stones leading into the garden.
The Ormiston house filled up regularly with grandchildren, some of whom inevitably fell in the pond-the stepping stones were irresistible. Over the years the garden was altered as mature climbers started to interfere with the guttering or as Murdoch developed a new enthusiasm. He remained vigorous into his late seventies though foot trouble curtailed his walking a decade earlier. Always a big man with a considerable appetite, Murdoch had gained weight in middle age though he remained light on his feet (figure 12).
Both Rowy and Murdoch were serious readers. Their library included a huge range of literature, light fiction, history, reference books, travel memoirs that Murdoch drew from when planning his carefully researched European holidays, world history, Icelandic sagas (an early enthusiasm) and poetry (an abiding one). In the evenings they would often read, looking up from their books from time to time to exchange a gobbet of information: 'Did you know, my dear, that a 16th century Spanish tercio was composed of 3000 men?' This was Murdoch's preferred kind of conversation, where you learned some new fact. On one occasion, P.F. recalls that, while on a walking holiday in the Cairngorms, Murdoch appeared for breakfast announcing, 'I've just discovered how many men died at the battle of Waterloo!' Peter Walker, also staying at the house, replied 'What an extraordinary thing to talk about at this time of day!'
As Murdoch grew older, and especially after Rowy died, his strength of character and resilience helped him cope with the restrictions of increasing physical frailty. His lifelong tendency to avoid thinking about the past or worrying about the future came into its own. He remained a generous and affable host, cultivating his friends. He would press visitors to try his successive culinary enthusiasms-such as Poppycock, wasabi peas or tinned new potatoesand to take away gadgets, such as devices to unscrew lids of jam jars, that he had found useful and would buy in triplicate to share with others. And he would always have some new and interesting facts to convey from his latest reading: ' 
